Corrections of order 1/m Q (Q = b or c) to the Bethe-Salpeter (B-S) equation for Λ Q are analyzed on the assumption that the heavy baryon Λ Q is composed of a heavy quark and a scalar, light diquark. It is found that in addition to the one B-S scalar function in the limit m Q → ∞, two more scalar functions are needed at the order 1/m Q . These can be related to 
I. Introduction
Heavy flavor physics provides an important area within which to study many important physical phenomena in particle physics, such as the structure and interactions inside heavy hadrons, the heavy hadron decay mechanism, and the plausibility of present nonperturbative QCD models. Heavy baryons have been studied much less than heavy mesons, both experimentally and theoretically. However, more experimental data for heavy baryons is being accumulated [1, 2, 3, 4, 5, 6] and we expect that the experimental situation for them will continue to improve in the near future. On the theoretical side, heavy quark effective theory (HQET) [7] provides a systematic way to study physical processes involving heavy hadrons. With the aid of HQET heavy hadron physics is simplified when m Q ≫ Λ QCD . In order to get the complete physics, HQET is usually combined with some nonperturbative QCD models which deal with dynamics inside heavy hadrons.
As a formally exact equation to describe the hadronic bound state, the B-S equation is an effective method to deal with nonperturbative QCD effects. In fact, in combination with HQET, the B-S equation has already been applied to the heavy meson system [8, 9, 10] . The Isgur-Wise function was calculated [8, 10] and 1/m Q corrections were also considered [8] . In previous work [11, 12, 13] , we established the B-S equations in the heavy quark limit (m Q → ∞) for the heavy baryons Λ Q and ω ( * ) Q (where ω = Ξ, Σ or Ω and Q = b or c). These were assumed to be composed of a heavy quark, Q, and a light scalar and axial-vector diquark, respectively. We found that in the limit m Q → ∞, the B-S equations for these heavy baryons are greatly simplified. For example, only one B-S scalar function is needed forΛ Q in this limit. By assuming that the B-S equation's kernel consists of a scalar confinement term and a one-gluon-exchange term we gave numerical solutions for the B-S wave functions in the covariant instantaneous approximation, and consequently applied these solutions to calculate the Isgur In reality, the heavy quark mass is not infinite. Therefore, in order to give more exact phenomenological predictions we have to include 1/m Q corrections, especially 1/m c corrections. It is the purpose of the present paper to analyze the 1/m Q corrections to the B-S equation for Λ Q and to give some phenomenological predictions for its weak decays. As in the previous work [11, 12, 13, 14] , we will still assume that Λ Q is composed of a heavy quark and a light, scalar diquark. In this picture, the three body system is simplified to a two body system.
In the framework of HQET, the eigenstate of HQET Lagrangian |Λ Q HQET has 0 + light degrees of freedom. This leads to only one Isgur-Wise function ξ(ω) (ω is the velocity transfer) for Λ b → Λ c in the leading order of the 1/m Q expansion [15, 16, 17, 18, 19, 20] . When 1/m Q corrections are included, another form factor in HQET and an unknown flavor-independent parameter which is defined as the mass difference m Λ Q − m Q in the heavy quark limit are involved [19] . This provides some relations among the six form factors for Λ b → Λ c to order 1/m Q . Consequently, if one form factor is determined, the other five form factors can be obtained.
Here we extend our previous work to solve the B-S equation for Λ Q to order 1/m Q , in combination with the results of HQET. It can be shown that two B-S scalar functions are needed at the order 1/m Q , in addition to the one scalar function in the limit m Q → ∞. The relationship among these three scalar functions can be found. Therefore, our numerical results for the B-S wave function in the order m Q → ∞ can be applied directly to obtain the 1/m Q corrections to the form factors for the weak transition Λ b → Λ c . It can be shown that the relations among all the six form factors for Λ b → Λ c in the B-S approach are consistent with those from HQET to order 1/m Q . We also give phenomenological predictions for the differential and total decay widths for Λ b → Λ c lν, and for the nonleptonic decay widths for Λ b → Λ c plus a pseudoscalar or vector meson. Since the QCD corrections are comparable with the 1/m Q corrections, we also include QCD corrections in our predictions. Furthermore, we discuss the dependence of our results on the various input parameters in our model, and present the comparison of our results with those of other models.
The remainder of this paper is organized as follows. In Section II we discuss the B-S equation for the heavy quark and light scalar diquark system to order 1/m Q and introduce the two B-S scalar functions appearing at this order. We also discuss the constraint on the form of the kernel. In Section III we express the six form factors for Λ b → Λ c in terms of the B-S wave function. The consistency of our model with HQET is discussed. We also present numerical solutions for these form factors. In Section VI we apply the solutions for the Λ b → Λ c form factors, with QCD corrections being included, to the semileptonic decay Λ b → Λ c lν, and the nonleptonic decays Λ b → Λ c plus a pseudoscalar or vector meson. Finally, Section VI contains a summary and discussion.
II. The B-S equation for Λ Q to 1/m Q Based on the picture that Λ Q is a bound state of a heavy quark and a light, scalar diquark, its B-S wave function is defined as [11] χ(
where ψ Q (x 1 ) and ϕ(x 2 ) are the field operators for the heavy quark Q and the light, scalar diquark, respectively, P = m Λ Q v is the total momentum of Λ Q and v is its velocity. Let m Q and m D be the masses of the heavy quark and the light diquark in Λ Q , p be the relative momentum of the two constituents, and define
. The B-S wave function in momentum space is defined
where X = λ 1 x 1 + λ 2 x 2 is the coordinate of the center of mass and
The momentum of the heavy quark is p 1 = λ 1 P + p and that of the diquark is p 2 = −λ 2 P + p. χ P (p) satisfies the following B-S equation [21] 
where K(P, p, q) is the kernel, which is defined as the sum of all the two particle irreducible diagrams with respect to the heavy quark and the light diquark. For convenience, in the following we use the variables
It should be noted that p l and p t are of the order Λ QCD . The mass of Λ Q can be written in the following form with respect to the 1/m Q expansion (from HQET):
where E 0 and E 1 /m Q are binding energies at the leading and first order in the 1/m Q expansion, respectively. m D , E 0 and E 1 are independent of m Q .
Since we are considering 1/m Q corrections to the B-S equation, we expand the heavy quark propagator S F (λ 1 P + p) to order 1/m Q . We find
where S 0F is the propagator in the limit m Q → ∞ [11]
and
It can be shown that the light diquark propagator to 1/m Q still keeps its form in the limit m Q → ∞,
where
Similarly to Eq.(6), we write χ P (p) and K(P, p, q) in the following form (to order 1/m Q ):
where χ 1P (p) and K 1 (P, p, q) arise from 1/m Q corrections. As in our previous work, we assume the kernel contains a scalar confinement term and a one-gluon-exchange term. Hence we have
where v µ in K 0 appears because of the heavy quark symmetry.
Substituting Eqs. (6) and (10) into the B-S equation (3) we have the integral equations for χ 0P (p) and χ 1P (p)
Eq. (12) is what we obtained in the limit m Q → ∞, which together with Eq. (7) gives
since / v/ v = v 2 = 1 and so / vS 0F = S 0F . Therefore,
in the first term of Eq. (13) . So to order 1/m Q , the Dirac matrix γ µ from the one-gluon-exchange term in K 1 (P, p, q) can still be replaced by v µ .
We divide χ 1P (p) into two parts by defining
i.e., χ
. After writing down all the possible terms for χ 0P (p) and χ ± 1P (p), and considering the constraints on them, Eqs. (14) and (15), we obtain that
where φ 0P (p), φ 1P (p) and φ 2P (p) are Lorentz scalar functions.
Substituting Eq.(16) into Eqs.(12)(13) and using Eqs.(7)(8)(9) we have
φ 0P (p) is the B-S scalar function in the leading order of the 1/m Q expansion, which was calculated in [11] . From Eq.(19) φ 2P (p) can be given in terms of φ 0P (p).
The numerical solutions for φ 0P (p) and φ 1P (p) can be obtained by discretizing the integration region into n pieces (with n sufficiently large). In this way, the integral equations become matrix equations and the B-S scalar functions φ 0P (p) and φ 1P (p) become n dimensional vectors. Thus φ 0P (p) is the solution of the eigenvalue equation (A − I)φ 0 = 0, where A is an n × n matrix corresponding to the right hand side of Eq. (17) . In order to have a unique solution for the ground state, the rank of (A − I)
an n dimensional vector corresponding to the second integral term on the right hand side of Eq. (18) . In order to have solutions for φ 1P (p), the rank of the augmented matrix (A − I, B) should be equal to that of (A − I), i.e., B can be expressed as linear combination of the n − 1 linearly independent columns in (A − I). This is difficult to guarantee if B = 0, since the way to divide (A − I) into n columns is arbitrary. Therefore, we demand the following condition in order to have solutions
Eq. (20) provides a constraint on the form of the kernel K 1 (P, p, q), in which E 1 is also related K 1 (P, p, q). In this way, φ 1P (p) satisfies the same eigenvalue equation as φ 0P (p). Therefore, we have
where σ is a constant of proportionality, with mass dimension, which can be determined by Luke's theorem [22] at the zero-recoil point in HQET. We will discuss it in the next section.
Since both φ 1P (p) and φ 2P (p) can be related to φ 0P (p), we can calculate the 1/m Q corrections without explicitly solving the integral equations for φ 1P (p) and φ 2P (p). In the previous work [11] φ 0P (p) was solved by assuming that V 1 and V 2 in Eq. (11) arise from linear confinement and one-gluon-exchange terms, respectively.
In the covariant instantaneous approximation,Ṽ i ≡ V i | p l =q l , i = 1, 2, we find
where κ and α (eff) s are coupling parameters related to scalar confinement and the one-gluon-exchange diagram, respectively. They can be related to each other when we solve the eigenvalue equation for φ 0P (p). The parameter µ is introduced to avoid the infra-red divergence in numerical calculations, and the limit µ → 0 is taken in the end. It should be noted that inṼ 2 we introduced an effective form factor,
, to describe the internal structure of the light diquark [23] .
in the covariant instantaneous approximation. The numerical results forφ 0P (k t ) can be obtained from Eq. (23), with the overall normalization constant being fixed by the normalization of the Isgur-Wise function at the zero-recoil point [11] . Furthermore,
In this section we will express the six form factors for the Λ b → Λ c weak transition in terms of the B-S wave function and show the consistency between our model and HQET.
On the grounds of Lorentz invariance, the matrix element for Λ b → Λ c can be expressed as
where J µ is the V − A weak current, v and v ′ are the velocities of Λ b and Λ c , respectively, and
The form factors F i and G i (i = 1, 2, 3) are related to each other by the following equations, to order 1/m Q , when HQET is applied [19] 
whereΛ is an unknown parameter which is defined as the mass difference
On the other hand, the transition matrix element of Λ b → Λ c is related to the B-S wave functions of Λ b and Λ c by the following equation
is the wave function of the final state Λ c (v ′ ) which can also be expressed in terms of the three B-S scalar functions
Substituting Eqs. (16) and (28) into Eq. (27) and using the relations in Eq. (26) we find the following results by comparing the γ µ , γ µ γ 5 , v µ (1 − γ 5 ) and v
terms, respectively:
where we have defined f 1 , f 2 and F by the following equations, on the grounds of Lorentz invariance:
Eq.(34) leads to
Eqs. (29) and (30) 
The first term in Eq.(36) gives the Isgur-Wise function which was calculated in our earlier work [11] . In order to obtain the 1/m Q corrections, we have to fix φ 1P (k).
Fortunately, this can be done by applying Luke's theorem [22] . The conservation of vector current in the case of equal masses for the initial and final heavy quarks leads to
Thus from Eqs. (21), (30) and (37) we have
Therefore, φ 1P (k) does not contribute to G 1 .
Now we calculate G 1 through Eq.(36). Since in the weak transition the diquark acts as a spectator, its momentum in the initial and final baryons should be the
From Eq.(39) we can obtain relations between k ′ l , k ′ t and k l , k t straightforwardly:
where θ is defined as the angle between k t and v ′ t .
Substituting the relation between φ 0P (p) andφ 0P (p t ) [Eq. (24)] into Eq.(36), using the B-S equation (23), and integrating the k l component by selecting the proper contour we have
and F (ω, k t ) is defined as
The three dimensional integrations in Eqs.(42-44) can be reduced to one dimensional integrations by using the following identities:
where ρ(q 2 t ) is some arbitrary function of q 2 t .
In our model we have several parameters, α 
where we have used m Λ b = 5.64GeV. The parameter m D cannot be determined, although there are suggestions from the analysis of valence structure functions that it should be around 0.7GeV for non-strange scalar diquarks [24] . Hence we let it vary within some reasonable range, 0.65GeV ∼ 0.75GeV. In the expansion with respect to the heavy quark mass, we roughly expect (
should be of the order Λ QCD E 0 . In our numerical calculations, we let β(= E Neubert [25] has shown that the QCD corrections to the weak decay form factors can be written in the following form (up to corrections of the order α sΛ /m Q ): can be found in [25] , which also includes a discussion on the infra-red cutoff employed in the calculation of the vertex corrections. As in [25] , we choose this cutoff to be 200MeV which is a fictitious gluon mass. Furthermore, we use Λ QCD = 200MeV in our numerical calculations. Table 1 for m D = 650MeV, 700MeV, 750MeV and for We can see from Fig.2 and Table 1 that both 1/m Q and QCD corrections reduce the decay width for Λ b → Λ c lν, and the QCD effects are even bigger. From Table 1 we can also see that the dependence of our predictions on m D is not strong.
In this subsection we will apply the numerical solutions for the form factors
to the nonleptonic decays Λ b → Λ c P (V ) (P and V stand for pseudoscalar and vector mesons respectively). The Hamiltonian describing such decays reads
with O 1 = (DU)(cb) and O 2 = (cU)(Db), where U and D are the fields for light quarks involved in the decay, and (q 1 q 2 ) =q 1 γ µ (1 − γ 5 )q 2 is understood. The parameters a 1 and a 2 are treated as free parameters since they involve hadronization effects. Since Λ b decays are energetic, the factorization assumption is applied so 1 We note that the results without either 1/m Q and QCD corrections in Table 1 are bigger than those presented in Ref. [11] by about 18%. This is because we employed a cutoff in the numerical integrations in Ref. [11] , while the integrations are carried out to infinity in the present work.
that one of the currents in the Hamiltonian (51) is factorized out and generates a meson [27, 28] . Thus the decay amplitude of the two body nonleptonic decay becomes the product of two matrix elements, one is related to the decay constant of the factorized meson (P or V ) and the other is the weak transition matrix element between Λ b and Λ c ,
where 0|A µ (V µ )|P (V ) are related to the decay constants of the pseudoscalar meson or vector meson by On the other hand, the general form for the amplitudes of Λ b → Λ c P (V ) are
Alternatively, the matrix element for Λ b → Λ c can be expressed as the following on the ground of Lorentz invariance
where f i , g i (i = 1, 2, 3) are the Lorentz scalars. The relations between f i , g i and
The decay widths and the up-down asymmetries for Λ b → Λ c P (V ) are available in Refs. [29] [30]:
where A and B are related to the form factors by
with
Then from Eqs. (56)- (61), we obtain the numerical results for the decay widths and asymmetry parameters. In Table 2 respectively. In the calculations we have taken the following decay constants
Since the changes for the up-down asymmetries caused by 1/m Q and QCD corrections are very small, in Table 2 we only listed α 1/m Q +QCD . Furthermore, since to order O(α sΛ /m Q ) all the six form factors F i , G i (i = 1, 2, 3) can be expressed by one form factor, say F 1 , which is canceled in α, the up-down asymmetries are model independent. Therefore, α does not depend on κ. It can be seen from Table 2 that the predictions for the decay widths show a strong dependence on the parameters κ in our model. In the future the experimental data will be used to fix this parameter and test our model. Refs. [13, 14] , we find that there is overlap between these two model predictions. The results with κ = 0.02GeV 3 in the present model are close to those in Refs. [13, 14] if the average transverse momentum of the heavy quark is chosen as 400MeV.
The Cabibbo-allowed nonleptonic decay widths have also been calculated in the nonrelativistic quark model approach [29] , where the form factors are calculated at the zero-recoil point and then extrapolated to other ω values under the assumption of a dipole behavior. It seems that the predictions in this model are close to those in our present work if we choose κ = 0.02GeV 3 .
V. Summary and discussion
In the present work, we assume that a heavy baryon Λ Q is composed of a heavy quark, Q, and a scalar light diquark. Based on this picture, we analyze the 1/m Q corrections to the B-S equation for Λ Q which was established in the limit m Q → ∞ in previous work [11] . We find that in addition to the one 
